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THE GAS PHASE CHEMILUMINOUS REACTIONS OF OZONE

By A. Sharma and J. P. Padur
GCA Corporation, GCA Technology Division

INTRODUCTION

The chemical reactions of ozone with several compounds and particularly
with organic compounds have been extensively studied. Bailey [1] has re-
viewed the previous work. Information regarding the gas phase chemiluminous
reaction of ozone is very poor. Bernanose and Rene [2] have collected indic-
ative information about the chemiluminescent reactions of ozone. It has been
reported [3- 6] that in contact with ozone, ‘certain metalloids (iodine, sul-
fur, phosphorus, sodium and thallium) show their characteristic chemilumines-
cence. The chemiluminescence produced during the mixing of some inorganic
compounds (hydrogen sulfide, oxygen compounds of nitrogen, phosphorus tri-
oxide, carbon monoxide and zinc sulfide) and ozone has been observed [6 - 15].
The production of chemiluminescence has also been reported [16- 21] during
the reaction of ozone with hydrocarbons or their heterocyclic analogs (ben-
zene, thiophene, ethyl alcohol, polyphenols in aqueous or organic solutions
such as resorcinol, hydroquinon, pyrogallol, pyrocatechol and phloroglucinol;
glucoside aesculin, chlorophyl, some dyes; hydrazides like luminol in alkaline
solution). This early information regarding the chemiluminescent reactions of
ozone 1is mostly qualitative. Moreover, the conditions under which the chemi-
luminescence is observed are not definitely specified. Recently, more defi-
nite information regarding the gas phase chemiluminescent reactions of ozone
with nitric oxide [22], sulfur monoxide [23] and hydrogen atoms [24] is
available.

We have surveyed the gas phase chemiluminescent reactions of several com-
pounds with ozone at room temperature and at a pressure of about 1 mm Hg. It
has been found that only a few of the above-mentioned compounds produce chemi-
luminescence during the mixing of their vapors with ozone under the above con-
ditions. The evidence of some new chemiluminescent reactions of ozone has
also been obtained. The present study of the chemiluminescent reactions of
ozone is limited to those compounds which have a sufficient vapor pressure at
room temperature. The types of compounds studied are inorganic (boron tri-
chloride, carbonyl chloride, carbonyl sulfide, nitric oxide, nitrosyl chloride,
etc.), organic (acetylene, benzene, ethyl alcohol, carbon tetrachloride, etc.)
and organometallic compounds (triethyl boron, diethyl zinc, trimethyl
aluminum, etc.).

*Numbers in [ ] throughout the text represent reference numbers.




EXPERIMENTAL

A conventional fast-flow system suitable for the study of gas phase re-
actions in the 1 mm pressure region was used for the present study. The
apparatus manifold is shown in schematic form in Figure 1. The vapors of the
reactants were admixed through a nozzle in a 2-cm-i.d. pyrex tube equipped
with quartz windows (Figure 2). However, while studying the reaction of
organometallic compounds, it was found that the nozzle became clogged due to
the deposition of metallic oxide. The reaction chamber was therefore modified
by placing the nozzle upstream in the flow tube of reactant vapors (Figure 3).
In this arrangement the nozzle helped in reducing the back diffusion of ozone
into the organometallic vapor tube.

A technique as that described by Cook et al [25] was used for the han-
dling of ozone. This technique utilizes the sorption process for the separa-
tion of ozone. lhe ozone production and handling system is shown in Figure 4.
Oxygen from a cylinder is passed through a silent electric discharge at atmos-
pheric pressure and then through a U tube containing silica gel at the dry ice-
acetone temperature (~ -80°C). The ozone produced in the discharge is adsorbed
by the cold silica gel and the oxygen is passed to the atmosphere. The adsorp-
tion of a sufficient quantity of ozone is indicated by the deep blue color of
the silica gel. The discharge and oxygen flow is then stopped and the ozonizer
is closed to the atmosphere. The remaining oxygen is then pumped off together
with some ozone. The ozone is then desorbed by replacing the dry ice-acetone
trap with an ethylene glycol one maintained at -309C. The desorbed ozone is
collected into a 3-liter flask. During the reactions of ozone with various
compounds, the ozone flow is controlled by a teflon needle valve into an ab-
sorption cell (50-cm length) with quartz windows at both ends. The partial
pressure of the ozone, prior to its entry into the reaction tube is measured
by the absorption of radiation from a pen ray Hg lamp. It may be noted, how-
ever, that the partial pressure of ozone in the reaction chamber is somewhat
less than that in the absorption cell.

In order to observe the chemiluminescence, the appropriate flow rates of
argon and the reactant vapor were adjusted. The ozone was then introduced
into the system through the teflon needle valve. The flow rate of ozone was
then gradually increased up to the safe maximum limit. In some cases the
chemiluminous glow was observed at the point of mixing of ozone and the re-
actants. However, for several reactants no chemiluminescence was observed,
even when the flow rates of the reactant were varied over the maximum pos-
sible range.

The spectra of the chemiluminescent glows were recorded with a Perkin
Elmer (Model 99) monochromator equipped with a 600 lines/mm grating and an
EMI 9558 Q photomultiplier tube. 1In order to obtain the relative intemsity
of spectral features observed in the spectra, the spectral response of the
recording system was calibrated by the method described previounsly [26]. In
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general, the intensity of the chemiluminescence was low and spectra could only

be recorded for the chemiluminescent reactions of trimethyl aluminum, diethyl
zinc, triethyl boron, ethylene and nitric oxide.

Since all the organometallic compounds studied by us are highly pyro-
phoric, an arrangement shown in Figure 5 was used for transferring the liquid
from its container to the reaction system. The details of the handling pro-
cedure are given by Sharma and Padur [27].
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OBSERVATIONS AND DISCUSSIONS

The results cof the vicual ohgervation of the chemiluminescence produced
during the gas phase reaction of several compounds with ozone are summarized
in Table 1. The second column in the above-mentioned table indicates the total
pressure in the reaction tube, which was due to, predominantly, argon and ozone.
The partial pressure of ozone given in column three was measured in the absorp-
tion cell at the maximum ozone flow rate. However, the maximum partial pres-
sure of ozone in the reaction tube was somewhat lower than given in Table 1.

The summary of the gas phase chemiluminous reactions of ozone is given in
Table 2.

Among the several inorganic compounds studied, only diborane, hydrazine
and nitric oxide produced visible chemiluminescence during their reaction with
ozone. However, the intensity of the chemiluminescence produced during the
reaction of diborane and hydrazine was too low to record the spectrum. The
spectrum of the chemiluminescence produced during the reaction of nitric oxide
and ozone consists of an apparent continuum starting from 57008 to 71008, the
limit of the present detector. However, a weak band structure appears to be
superimposed over the continuum. Clyne et al. [22] have also observed the
similar spectra of chemiluminescence produced during the gas phase reaction of
NO and ozone. Figure 6 shows the spectra of chemiluminescence observed by us
and also shows the relative intensity given by Clyne et al. in three waye-
length regions, i.e., 61508 to 6700X, 6700& to 72008, and 72008 to 7750%. The
observed spectrum of the chemiluminescence produced by the reaction between
NO and O3 is compared with that produced by the reaction of NO and O. The
latter spectrum is given by Fontijn et al. [28]. It may be noted that the
short wavelength limit of NO + O spectrum is about 4000A and that of NO + O3
is about 5700A. The energy difference between the onset of the two spectra
is approximately equal to the bond energy of the O - 0 bond in ozone. 1In
contrast with the spectrum of the chemiluminescence produced by the reaction
of NO and O the spectrum of the chemiluminescence produced during the reaction
of NO and 03 shows much stronger vibrational structure. On the basis of the
above observation and from the study of its kinetics, Clyne et al. [22] have
concluded that the following reaction mechanism is operative in the production
of chemiluminescence during the reaction between NO and 0Oj3:

11



TABLE 1

A SURVEY OF THE GAS PHASE CHEMILUMINOUS REACTIONS OF OZONE

Total Pres- Partial Pressure
sure in of Ozone in
Reaction Absorption Cell
Reactants Vessel (maximum) Remarks
Acetylene 280 to 700u 160u No visible glow
Allene 280 to 1000u 230u No visible glow
Benzene 340 to 700p 831 No visible glow
Boron Trichloride 280 to 700u 175u No visible glow
Carbon Disulfide 320 to 460u 2004 No visible glow
Carbon Tetra- 260 to 340u 175u No visible glow
chloride ,
Carbonyl Chloride 360 to 480u 230u No visible glow
Carbonyl Sulfide 280 to 1000u 230u No visible glow
Diborane 310 to 3404 175u Faint white glow
Diethyl Zinc 280 to 330p 140u Faint white glow -
continuum and OH bands
Ethyl Alcohol 320 to 1800p 1154 No visible glow
Ethylene 280 to 310p 1254 Faint white glow -
OH bands
Germanium 170 to 360u 230u No visible glow
Tetrahydride
Hexene 360 to 700y 230p Faint white glow
Hexyne 280 to 570u 200u No visible glow
Hydrazine 180 to 320u 200y Faint glow
Hydrogen Sulfide 340 to 440u 200u No visible glow
Methyl Acetylene 280 to 880u 160. No visible glow
Nitric Oxide 280 to 620u 1404 Faint red glow -
Continuum & NO2 bands
Nitromethane 320 to 550u 230y No visible glow
Nitrosyl Chloride 280 to 700p 230u No visible glow
Sulfur Dioxide 340 to 550u 2001 No visible glow
Trichloroethylene 240 to 340u 230 No visible glow
Triethyl Boron 280 to 310u 110u Greenish glow -
BO, bands
Trimethyl Aluminum 260 to 310u 125u Whitish glow. -
Continuum and OH bands
Trimethyl Antimony 260 to 310u 200pu No visible glow

12




TABLE 2

THE CHEMILUMINOUS GAS PHASE REACTION OF OZONE

Intensity
S. No. Reactant (relative) Remarks
1 Diborane 0.1 No spectral informa-
tion
2 Diethyl Zinc 0.5 OH band at 30708,
continuum in the
visible region
Ethylene . OH band at 30708
4 Hexene No spectral informa-
tion
5 Hydrazene 0.1 No spectral informa-
tion
6 Nitric Oxide 1.0 Continuum starting
from 40008 and ex-
tending into infrared
7 Triethyl Boron 1.5 BO and BO2 bands
8 Trimethyl Aluminum 20.0 Continuum starting

from 33008 and ex-
tending into infrared

13
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NO + 0, - NO_, + O2

3 2
o S ®
NO + 0, — NOJ + 0,
*
NO2 —aNO2 + hvy (2)
NO§+M—>N02+M (3)

The rate of consumption of ozone is given by:

k? [NO] [04]

with k’ = 8.6 x 10_13 exp (-2460 + 150)/RT cm3/sec, and the intensity of chemi-
luminescence is given by:

I = I, [NO] [03]/M

with I = 20.7 exp(-4180 & 300)/RT sec-1 for wavelengths shorter than 87508.
It ther@fore appears that the formation of normal NOy and the electronically
excited NOy proceeds via different potential surfaces because the activation
energies for the consumption of O, and that for the production of chemilumi-
nescence are different.

Ethylene and hexene are the only compounds among the hydrocarbons studied
by us which show faint chemiluminescence. The intensity of the chemilumines-
cence produced during the reaction of hexene and ozone are too low to obtain a
spectrum. However, the intensity of the chemiluminescence produced during the
reaction of ethylene was sufficient to record a faint spectrum which indicated
the presence of an ultraviolet OH band at about 3100A.

The vapors of organometallic compounds, when mixed with ozone, produced
stronger chemiluminescence than the compounds of other groups. However, no
visible chemiluminescence was observed when trimethyl antimony vapor was
mixed with ozone. The intensity of chemiluminescence produced during the
reaction of diethyl zinc and ozone was very weak and again a good spectrum
could not be recorded. Some indication of the presence of the OH band at
about 3100% and a weak continuum in the visible region has been obtained. The
intensity of the chemiluminescnece produced during the reactions of triethyl
boron and trimethyl aluminum was sufficient to obtain a good spectrum. It was
found that the spectra of chemiluminescence produced during the reactions of
triethyl boron and trimethyl aluminum with ozone were similar to the respective

15




spectra of chemiluminescence produced by their reactions with atomic oxygen.
The spectra of the chemiluminescence produced during the reaction of triethyl
boron and trimethyl aluminum with atomic oxygen have been reported by Sharma
and Padur [27]. They have found that the spectrum of chemiluminescence pro-
duced during the reaction of trimethyl aluminum consists of a continuum start-
ing from about 3300 and extending into the infrared and that of triethyl boron
consists of discrete bands of BO and BO; molecules. It may be noted that the
relative intensity of the BO bands with respect to the BOj bands in the spectra
of chemiluminescence produced during the reaction of triethyl boron with ozone
is much less than that with atomic oxygen. The identification of the spectra
of chemiluminescence produced during the reaction between triethyl boron and
atomic oxygen is given in Table 3.

It is apparent from Table 2 that among the studied gas phase chemilumi-
nous reaction of ozone, the strongest chemiluminescence was observed during
the reaction of trimethyl aluminum. The effect of molecular oxygen on the in-
tensity of chemiluminescence produced during the reaction of trimethyl alumi-
num was investigated by replacing the argon with molecular oxygen. It was
found that a diminution of about 10 percent in the intensity of chemilumines-
cence was observed when the concentration of the molecular oxygen in the reac-
tion tube was of the same order of magnitude as that of ozone.




TABLE 3

THE IDENTIFICATION OF THE SPECTRUM OF THE CHEMILUMINESCENCE
PRODUCED DURING THE REACTION BETWEEN TRIETHYL BORON AND ATOMIC OXYGEN

Identification”
Measured Relative Emitter of
S. No. Wavelength Intensity Wavelength Transition
&) @)

1 4150 1.8 4124 - 4145 BO a (2,1)
4162.9 - 4168.9 BO2 Aa-=3x

2 4340 3.5 4339.4 ~ 4365.7 BOa (1,1)
4335.0 - 4349.0 BO2 A -3Xx)
3 4510 6.3 4496.8 - 4506.1 BO2 A-X
4 4690 9.1 4685.8 - 4694.8 BO2 A -Xx)
5 4900 9.2 4891.6 -~ 4917.0 BO2 (A - X)
6 5160 7.6 5144.6 - 5183.5 BO2 A -3
7 5430 5.6 5403.8 - 5470.1 BO2 (A > X)
8 5725 3.2 5766.5 - 5790.7 BO2 (A - X)

*The wavelength of BO bands are from Pearse and Gaydon

bands are from Mavrodineanu and Boiteux [31].

[30] and that of BO

2
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CONCLUSIONS

Similar spectral features, observed in the chemiluminescence produced
during the reactions of ozone and atomic oxygen indicate that the same reac-
tion is responsible for the production of the excited species. One of the
possibilities of the similar reaction in the two cases may be the presence of
atomic oxygen produced by the thermal decomposition of ozone. Benson [29] has
discussed the thermal decomposition of ozone and has given the following ex-
pression for the steady state concentration of atomic oxygen:

k., (0,) ()
O N AR RN )
S8 2 2 3 V3
-9 3
with kl = 7.7 x 10 7 exp(-24000/RT) cm™/sec
k2 = 1.67 x 10-34 exp (600/RT) cm6/sec
k3 = 4.93 x 10-12 exp (-6000/RT) cm3/sec

The calculation of the steady state concentration of atomic oxygen pro-
e s o .

duced due to the thermal decomposition of ozone at 300 K shows that its concen-
tration is too small to explain the observed chemiluminescence as due to the
reaction between the studied reactants and atomic oxygen produced by the ther-
mal dissociation of ozone. However, larger concentrations of atomic oxygen
may be produced as an intermediate product during the reaction between the
above reactants and ozone. Benson [29] has indicated that the thermal decom-
position of ozone is extremely sensitive to the presence of metals, metal oxide,
organic matter, peroxides and oxides of nitrogen. No definite information re-
garding the gas phase chemical reaction of ozone with the above compounds is
available. Therefore, more extensive observations are required to reveal the
mechanism responsible for the production of chemiluminescence during the reac-
tion of ozone with the above studied compounds.
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